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Abstract 

Objective: The purpose of this study was to compare the apolipoprotein composition of the three major lipoprotein classes 
in patients with metabolic syndrome to healthy controls. 

Methods: Very low density (VLDL), intermediate/low density (IDL/LDL, hereafter LDL), and high density lipoproteins (HDL) 
fractions were isolated from plasma of 56 metabolic syndrome subjects and from 14 age-sex matched healthy volunteers. 
The apolipoprotein content of fractions was analyzed by one-dimensional (1 D) gel electrophoresis with confirmation by a 
combination of mass spectrometry and biochemical assays. 

Results: Metabolic syndrome patients differed from healthy controls in the following ways: (1) total plasma - apoAl was 
lower, whereas apoB, apoC2, apoC3, and apoE were higher; (2) VLDL - apoB, apoC3, and apoE were increased; (3) LDL - 
apoC3 was increased, (4) HDL -associated constitutive serum amyloid A protein (SAA4) was reduced (p<0.05 vs. controls for 
all). In patients with metabolic syndrome, the most extensively glycosylated (di-sialylated) isoform of apoC3 was reduced in 
VLDL, LDL, and HDL fractions by 17%, 30%, and 25%, respectively (p<0.01 vs. controls for all). Similarly, the glycosylated 
isoform of apoE was reduced in VLDL, LDL, and HDL fractions by 15%, 26%, and 37% (p<0.01 vs. controls for all). Finally, 
glycosylated isoform of SAA4 in HDL fraction was 42% lower in patients with metabolic syndrome compared with controls 
(p<0.001). 

Conclusions: Patients with metabolic syndrome displayed several changes in plasma apolipoprotein composition consistent 
with hypertriglyceridemia and low HDL cholesterol levels. Reduced glycosylation of apoC3, apoE and SAA4 are novel 
findings, the pathophysiological consequences of which remain to be determined. 

Citation: Savinova OV, Fillaus K, Jing L, Harris WS, Shearer GC (2014) Reduced Apolipoprotein Glycosylation in Patients with the Metabolic Syndrome. PLoS 
ONE 9(8): e104833. doi:10.1371/journal.pone.0104833 

Editor: Patricia Aspichueta, University of Basque Country, Spain 

Received May 13, 2014; Accepted July 17, 2014; Published August 12, 2014 

Copyright: © 2014 Savinova et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its 
Supporting Information files. 

Funding: This work was supported by National Institute of Health (5R01 DK061486 and 5P20RR01 7662-08) and GlaxoSmithKline. The instrumentation in CCMSF at 
SDSU used in this study was obtained with support from the National Science Foundation (NSF)/EPSCoR Grant No. 0091948 and the State of South Dakota. The 
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. 

Competing Interests: This work was supported by National Institute of Health (5R01 DK061486 and 5P20RR01 7662-08) and by commercial funder - 
GlaxoSmithKline. GCS received honoraria and salary support from GlaxoSmithKline. The instrumentation in CCMSF at SDSU used in this study was obtained with 
support from the National Science Foundation (NSF)/EPSCoR Grant No. 0091948 and the State of South Dakota. This does not alter the authors' adherence to 
PLOS ONE policies on sharing data and materials. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the 
manuscript. 

* Email: gcs13@psu.edu 



Introduction 

The prevalence of metabolic syndrome (MetSyn) in the US and 
worldwide remains high [1-5] and is associated with the increased 
cardiovascular disease (C VD) risk [6,7]. The diagnosis of MetSyn 
is based on the presence of any three or more components from 
the list of central obesity; reduced high density lipoprotein 
cholesterol (HDL-C); elevated plasma triglycerides (TG) or 
glucose; or high blood pressure [8]. 

Apolipoproteins (apo) are structural components of lipoprotein 
particles that also direct particle metabolism [9,10]. The levels of 
apoB (found in very low, low and intermediate density lipopro- 
teins; VLDL, LDL, and IDL, respectively) and apoAl (in HDL) 



and their ratio can serve as markers of CVD risk [11,12]. 
Moreover, increased exchangeable apoC3 content in LDL is 
associated with increased CVD risk [13]. A perturbation in apo 
levels would not be surprising in MetSyn given the fact that apoB 
is closely associated with abdominal obesity and other features of 
MetSyn [14]. Indeed, apoB significantly and independendy 
predicted CVD risk among post-infarction patients with metabolic 
syndrome [15]. Plasma levels of apoC3 and apoE were also shown 
to be elevated in MetSyn [16,17]. Some evidence of apo 
composition of lipoprotein classes in MetSyn is available from 
the proteomic studies: thus, HDL (HDL3 subclass) isolated from 
dyslipidemic subjects (with new diagnosis of coronary artery 
disease) were reported to be enriched in apoE [18]; whereas LDL 
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(small dense LDL subclass) from a different cohort of subjects with 
MetSyn were enriched in apoC3 and depleted of apoCl, apoAl, 
and apoE compared with matched healthy controls [19]. 

The functions of apolipoproteins are likely to be affected by 
posttranslational modifications. In type 2 diabetes, for example, 
apoB can become damaged by glycation and oxidation [20], but 
less is known about endogenous glycosylation of apos in disease 
states. ApoC3 and apoE are modified by mucin-type O-linked 
glycosylation during transit through the Golgi, where carbohy- 
drate chains are enzymatically attached to specific serine or 
threonine residues in these proteins [21-26]. Sialic acids (amino 
sugars) are commonly found as terminal oligosaccharide residues 
on O-glycosylated lipoproteins including apoC3 and apoE [27]. 
ApoC3 is present in three isoforms: a minor non-glycosylated 
isoform (commonly denoted apoC3-0), and two glycosylated 
isoforms, which differ in the number of sialic acid residues 
attached (mono-sialylated and di-sialylated isoforms, apoC3-l and 
apoC3-2). These sialo-isoforms can be resolved by ID electro- 
phoresis. ApoE also exists in multiple glycol-isoforms (up to eight 
isoforms were detected by mass spectrometry), which vary in 
charge because of variable sialylation [22]. ID electrophoresis 
typically resolves non-glycosylated apoE (low molecular weight 
(MW) isoform) and glycosylated apoE (high MW isoform); and 2D 
electrophoresis is required to resolve sialo-isoforms of apoE [28]. 
Similarly, serum amyloid A-4 protein (SAA4), a constitutively 
expressed protein associated with HDL, is partially modified by N- 
glycosylation resulting in two major isoforms, low MW non- 
glycosylated isoform (~ 1 4 kD) and high MW glycosylated isoform 
(~19 kDa) containing variable numbers of sialic acid residues 
[29,30]. 

Sialylation of lipoproteins appears to be protective against 
coronary heart disease (CHD) since lipoproteins isolated from 
healthy individuals contain more apo-associated sialic acid 
compared to subjects with atherosclerosis [31-34]. Reduced 
glycosylation of apoE is implicated in preeclampsia [35], whereas 
changes in apoC3 glyco-isoform ratio (mono-sialo/di-sialo) have 
been observed in uremia [36], kidney disease [37], and several 
other pathologies including obesity, in which mono-sialo/di-sialo 
apoC3 ratio positively correlated with body mass index (BMI) 
before and after bariatric surgery, suggesting that sialylation of 
apoC3 is reduced in obese individuals [38]. 

The purpose of this study was to describe in detail the 
differences in apo composition of the three major lipoprotein 
families in patients with MetSyn as compared to healthy controls. 
Differences in apo composition, and possibly in apo glyco-isoform 
ratios, could expand our understanding of the pathology 
underlying MetSyn. 

Methods 

Ethics statement 

Human study protocols were approved by the Institutional 
Review Board of the University of South Dakota, and by the 
Institutional Review Board of the Sanford Health. Written 
informed consent was obtained from all study participants. 

Human plasma samples 

MetSyn subjects (n = 60) were recruited, assessed and treated as 
previously described [48]. This study was registered at clinical- 
trials.gov (NCT00286234). Control subjects (n= 14) were recruit- 
ed as a comparator group to match the age and the sex 
distributions in MetSyn group. The protocol was approved by 
the Institutional Review Board of the University of South Dakota. 



MetSyn subjects were enrolled between December 2007 
through April 2008. Inclusion criteria for the MetSyn subjects 
were body mass index (BMI) greater than 25 kg/m 2 , TG greater 
than 150 mg/dL, and a TG/HDL-C >3.5. In the original study 
60 MetSyn subjects were included. In the present report, four 
subjects were excluded because of an insufficient amount of 
plasma for lipoprotein preparation or a technical failure in the 
lipoprotein preparation procedures. Fourteen control subjects 
were recruited between July and September of 2008 to match the 
age and the sex distributions in MetSyn group. Inclusion criteria 
for control group were BMI less than 25 kg/m 2 ; TG less than 
150 mg/dl; and HDL-C greater than 50 mg/dl. 

Plasma was isolated within 1 hour of collection and plasma 
samples were stored at — 80°C before preparative sequential 
ultracentrifugation. The secondary analysis of de-identified human 
plasma samples was approved by the Institutional Review Board of 
the Sanford Health. 

Lipoprotein preparations 

Lipoproteins were isolated from EDTA plasma by sequential 
ultracentrifugation in densities 1.006; 1.063; and 1.21 g/ml 
corresponding to VLDL, IDL/LDL, and HDL fractions as 
previously described [39], and stored frozen (— 80°G) until 
analysis. 

1 D electrophoresis 

Lipoprotein fractions (4.5 fXg of protein) were subjected to 
gradient SDS-PAGE (4-20% Peptide gels, BioRad, Hercules, CA) 
and stained with Sypro Orange (Invitrogen, Grand Island, N.Y.). 
Gels were scanned using Typhoon scanner at 532/555 nm 
excitation/emission wave lengths and analyzed using Image 
Quant version 5.0. Our prior studies have shown that this method 
produces quantitative results comparable with LC-MS methods of 
quantitation [40] . To further add to the consistency of lipoprotein 
fraction, we employed balanced batching and quality controls. 
Intensities of all bands were measured as area under the curve with 
baseline adjusted manually. The absolute amount of protein in 
each band was calculated based on its fraction of total protein 
loaded (4.5 \lg per lane). The lowest amount of protein detected in 
a band was about 5 ng and the highest was about 1000 ng, which 
are within linear range of detection for Sypro Orange protein 
stain, 2-2000 ng per band (Fluorescence Imaging: principles and 
methods, Amersham Biosciences, code number 63-0035-28, 
(2000)). The concentrations of each apo in total plasma were 
determined by summing the concentrations in VLDL, LDL, and 
HDL obtained from sequential ultracentrifugation. 

Apolipoprotein identification 

2D electrophoresis. This was performed with a single 
VLDL and HDL samples to aid with protein identification. 
Tentative identifications of major bands in VLDL and HDL 
fractions were assigned by the comparison between their migration 
on ID and 2D gels based on published 2D results from others 
[41,42]. 

Protein identification by nanoLC-MS/MS. This was 
performed at Sanford-Burnham Institute for Medical Research 
(SBIMR, La Jolla, CA) proteomic CORE following standard 
protocol. Briefly, protein bands are excised from Coomassie- 
stained gels and digested with Trypsin and purified using C18 
ZipTip (Millipore, Inc.). Samples were resolved on a reversed 
phase column (15 cm in length, 100 mm id) packed with 5 |Im 
diameter Magic C 1 8 AQ resin (Michrom) using a linear gradient 
elution from buffer A (2% acetonitrile in H20 plus 0.1% formic 
acid) to 15% buffer A plus 85% buffer B (acetonitrile plus 0.1% 
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formic acid) in 45 min. The Eksigent Nano 2D LC system was 
equipped with an ADVANCE ESI source (Michrom). LC/MS 
was operated in the data dependent mode. The MS/MS spectra 
were analyzed by Sorcerer Enterprise v.3.5 (Sage-N Research Inc.) 
with SEQUEST algorithm as the search program for peptide/ 
protein identification. SEQUEST was set up to search the target- 
decoy ipi.HUMAN.v3. 73 and ipi.RAT.v3.73 databases containing 
protein sequences using trypsin for enzyme. The search results 
were viewed, sorted, filtered, and statically analyzed by proteomics 
data analysis software, Peptide/Protein prophet v.4.02 (ISB). 

Peptide mapping of apoB isoforms by nanoLC-MS/ 
MS. This was performed at South Dakota State University 
(SDSU, Brookings, SD). ApoB and its suspected truncated isoform 
bands were digested by trypsin. The in-gel digested peptides were 
brought up in 0.1% formic acid. The peptides were purified on 
C18 IntegraFrit Sample trap (New Objective, Inc., Woburn, MA) 
and resolved on a C18 PicoFrit Analytical Column (New 
Objective, Inc., Woburn, MA) using Eksigent nanoLC system 
with a multistep gradient of solvent 2A (water premixed with 0. 1 % 
formic acid) and solvent 2B (acetonitrile premixed with 0.1% 
formic acid). The LC-MS/MS raw data was obtained using LTQ- 
mass spectrometer (Thermo Scientific, San Jose, CA), converted to 
DTA files using Thermo Scientific Proteome Discoverer, and 
correlated to theoretical fragmentation patterns of tryptic peptide 
sequences from the Uniprot-Sprot.fasta database using SE- 
QUEST. Search parameters included (1) variable modifications 
allowing mass increase of 57 Da for possible carbamidomethyl- 
modified cysteines and 18 Da for oxidized methionines; (2) 
restricted to trypsin generated peptides, allowing for two missed 
cleavages; (3) the criteria for peptide were based on top hit(s) with 
individual cross correlation exceeding a threshold dependent on 
the precursor charge state. 

MALDI-TOF analysis of apoC3 glyco-isoforms. This was 
performed at South Dakota State University (SDSU, Brookings, 
SD) mass-spectrometry facility following published protocol [38]. 
Briefly, lipoprotein samples (0.5 |i.L) were diluted with water:- 
acetonitrile:trifluoroacetic acid (TFA) (15 |lL, 95:5:0.1), and 
extracted with a C4 ZipTip (Millipore, Inc.) or C18 mini spin 
column (Pierce, Inc.). 0.75 (XL of the eluted sample in water:- 
acetonitrileTFA (25:75:0.1) was applied to the MALDI target 
along with sinapinic acid (0.75 |0,L saturated solution in water:- 
acetonitrileTFA, 50:50:0.1). Uniform crystallization was achieved 
by manual mixing of the sample until crystals were formed. 
Samples were dried and analyzed in a Bruker Daltonics Biflex IV 
MALDI-TOF mass spectrometer operated in the linear mode. 
The spectrum for each samples were collected with 500 laser shots. 
The spot of laser impact was also changed frequendy during each 
data acquisition. 

Western blotting. This was performed following standard 
protocols [43]. Briefly, 5|J,g of LDL and HDL samples were 
resolved on 5% SDS-PAGE gel and transferred to PVDF 
membrane. Membrane was blocked in 5% bovine serum albumin 
(BSA) and incubated with apoB antibody specific to amino- 
terminal human apoB peptide (Santa Cruz Biotechnologies) 
followed by peroxidase-conjugated secondary antibody. Specific 
bans were detected by measuring chemiluminescence using an 
ECL Advanced Western Blotting Kit (GE Healthcare, Piscataway, 
NJ). 

Enzymatic removal of sialic acid residues. VLDL and 

HDL preparations were incubated with neuraminidase, a glyco- 
side hydrolase enzyme (EC 3.2.1.18) that cleaves the glycosidic 
linkages of sialic acid (NE Biolabs), at 1 U enzyme: 1 mg protein 
ratio in 50 mil sodium citrate buffer, pH 6.0, for 15 minutes at 
37C followed by SDS-PAGE separation. 



Statistics 

GraphPad Prism version 5.0 (GraphPad Software, San Diego, 
CA, USA) and JMP version 8 (SAS Institute, Cary, NC, USA) 
were used to analyze data. Results were expressed as mean ± SD. 
Statistical comparisons between two groups were performed using 
Student's t test. The significance was adjusted to control for a false 
discovery rate at <5% for multiple apo parameter testing using the 
Benjamini-Hochberg procedure [44]. 

Results 

Table 1 shows the characteristics of MetSyn patients and 
control subjects. By design, age and sex distributions were similar. 
Differences in BMI, triglyceride and HDL-cholesterol levels were a 
reflection of the different inclusion/ exclusion criteria for these two 
groups of subjects. Although not selection criteria, the observed 
differences in blood pressure and glucose levels were expected co- 
morbidities characteristic of the MetSyn. Total and LDL 
cholesterol levels were elevated in patients versus the controls. 

1D electrophoresis for the analysis of lipoprotein 
proteome 

ID electrophoresis using 4-20% Tris-Tricine gradient gels 
allowed for simultaneous and consistent resolution of apos and 
their isoforms in a high throughput fashion. 210 lipoprotein 
preparations from a total of 70 participants were analyzed on 
20 gels. Protein separation based on the molecular weight 
produced consistent band patterns in all gels (Figure SI). 27 
bands were measured in VLDL fractions, 29 in LDL, and 28 in 
HDL in all 70 subjects. Major bands were identified by comparing 
their migration patterns between ID and 2D gels aided by LC- 
MS/MS identification and other methods (Table SI and 
Figure S2). The coefficient of variation was calculated for major 
HDL bands from one lab control sample, which was run on every 
gel (Table S2). The coefficient of variation was lower for smaller 
proteins (apoA2, apoC2, and isoforms of apoC3; 4-6%) and 
higher for larger proteins (22-23% for apoE isoforms). The 
presence of differentially glycosylated apoC3 isoforms (Figure 
S3A) was confirmed by MALDI-TOF analysis of VLDL and 
HDL preparations, and in whole plasma from one subject (HDL 
results are shown in Figure S3B). In addition, sialylated isoforms 
of apoC3 were clearly sensitive to neuraminidase, confirming the 
presence of sialic acid residues in the higher MW apoC3 bands 
(Figure S3C). A 140 kDa isoform of apoB, corresponding to the 
amino terminal portion of the molecule, was identified based on 
nanoLC-MS/MS "peptide coverage" (a mapping of all detected 
tryptic digest peptides onto full length apoB protein sequence) and 
by western blotting with an antibody specific to amino-terminal 
peptide epitope of human apoB (Figure S4). 

Total plasma apolipoprotein concentrations 

The total plasma concentrations of apos were determined from 
the results of quantitative ID electrophoresis by summing the 
concentrations in VLDL, LDL, and HDL fractions of the 
sequential ultracentrifugation (Table 2). Total plasma apoB, 
apoC2 and apoC3 were higher and apoAl was lower in MetSyn 
patients compared to control subjects. There was also a reduction 
of SAA4 in plasma of MetSyn subjects compared to controls. 

Apolipoproteins in individual lipoprotein fractions 

There were significantly higher levels of VLDL - apoB, apoC3, 
and apoE among MetSyn subjects, implying an increase in VLDL 
particle number (Table 3). Other significant differences were the 
higher levels of LDL - apoC3 (sum of isoforms) and the lower 
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Table 1. Subjects characteristics (mean ± SD a ). 



Variable 


Control (n = 14) 


MetSyn (n = 56) 


Age (years) 


44.9±12.3 


47.8 ±10.6 


Male Sex (N, %) 


9 (64%) 


33 (60%) 


BMI (kg/m 2 ) 


22.9±1.3 


32.1 ±3.8*** 


TG (mg/dL) 


76.4±22.5 


21 5 ±99*** 


HDL-C (mg/dL) 


55.9±8.6 


42.2±8.2*** 


Total Choi (mg/dL) 


174±32 


202±45* 


LDL-C (mg/dL) 


108±26 


131 ±37* 


Systolic BP (mmHg) 


112±9 


132±12*** 


Diastolic BP (mmHg) 


69±7 


82 ±7*** 


Fasting Glucose (mg/dL) 


85±8 


100±12* 


HGB A1c (%) 


5.4±0.4 


5.5±0.4 


Smokers (N, %) 


0 (0%) 


4 (7%) 


Anti-hypertensive Med (N, %) 


0 (0%) 


14 (25%) 


Statins Use (N, %) 


0 (0%) 


8 (14%) 



a unless noted otherwise; *p<0.05, **p<0.01, ***p<0.01 vs. control. 
doi:1 0.1 371 /journal.pone.01 04833.t001 



levels of HDL- SAA4 (sum of isoforms) in the patients vs. the 
controls. The other significant findings were the decrease of HDL- 
apoAl and LDL - apoAl, and an increase in LDL - apoC2 in 
plasma of MetSyn subjects compared to controls. 

Analysis of apo composition in individual lipoprotein 
fractions 

With respect to the per particle apo composition of each 
lipoprotein fraction (we used a surrogate for per-particle compo- 
sition calculated as a ratio of individual apo/ apoB in VLDL and 
LDL fractions, or as apo/apoAl in HDL), no significant 
differences were found in VLDL fraction; LDL fractions from 
MetSyn subjects were enriched with apoC2 and with apoC3 (the 
total and mono-sialylated isoforms) and contained less apoAl 
when compared to controls; HDL from MetSyn subjects were 
enriched with apoA2, with the mono-sialylated isoform of apoC3, 
and with the low MW SAA while showing a reduction in high 
MW apoE and high MW SAA4 isoforms in comparison to 
controls (Table 4). Accordingly, the ratios of high/low MW 
isoforms of apoC3 (identified as di-sialo/mono-sialo), apoE and 
SAA4 were significantly lower in MetSyn subjects compared to 
controls across all lipoprotein classes (Table 5). 



Discussion 

The purpose of this study was to explore potential differences in 
the apo composition (amounts, species, and isoforms) of VLDL, 
LDL and HDL in MetSyn patients as compared with healthy 
controls. We utilized a relatively inexpensive and simple method - 
1 D gradient gel electrophoresis - as our primary research tool, and 
confirmed its results by comparison with more expensive and/or 
labor intensive methods (2D gels, MALDI-TOF, nanoLC-MS/ 
MS, western blotting, and enzymatic assays). 

The differences in whole plasma apo content in MetSyn patients 
and controls were not surprising considering differences in 
inclusion criteria between MetSyn and control groups (high TG 
and low HDL-C). As expected, we observed higher apoB and 
lower apoAl (major apos of TG-rich and HDL particles, 
respectively). The apoB/apoAl ratio in our study (0.59 in controls 
and 0.89 in MetSyn) essentially matches published assessments in a 
large cohort (0.69 and 0.90, respectively); this parameter was 
suggested to have a potential to discriminate MetSyn individuals 
with higher GVD risk [45,46]. Plasma levels of apoC3 were also 
reported to be elevated in MetSyn similar to this study [16]. Apo 
differences generally tracked with differences in standard lipopro- 



Table 2. Total plasma apolipoprotein levels (mg/dL plasma a ) from scanned ID gradient electrophoresis gels (mean ± SD). 



Apolipoprotein Control (n = 14) MetSyn (n = 56) 



apoAl 


117.7±14.9 


98.8±19.1** 


apoA2 


34.0±7.2 


32.2±7.2 


apoB 


69.8±17.4 


87.9 ±23.2** 


apoC2 


7.3 ±1.7 


9.3±2.8* 


apoC3 


24.8±4.8 


33.8±12.7* 


apoE 


7.9±2.7 


8.2 ±2.6 


SAA4 


15.0±5.1 


11.6±3.5** 



Calculated as the sum of all isoforms recovered in very low, low and high density lipoprotein fractions (VLDL, LDL and HDL, respectively). *p<0.05, **p<0.01 adjusted 

for multiple comparisons. 

doi:1 0.1 371 /journal.pone.01 04833.t002 
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Table 3. Apolipoproteins (mg/dL plasma) in VLDL, LDL, and HDL (mean ± SD). 





Apolipoprotein 


Fraction 


Control (n = 14) 


MetSyn (n = 56) 


apoAl 


VLDL 


0.2±0.1 


0.5±0.4 


apoAl 


LDL 


8.9±2.5 


7.0±5.0 


apoAl 


HDL 


108.6±12.8 


91 .2± 17.6 


apoA2 


VLDL 


n.d 


n.d 


apoA2 


LDL 


n.d 


n.d 


apoA2 


HDL 


34.0±7.2 


32.2±7.2 


apoB 


VLDL 


2.9±1.0 


7.5±3.3* 


apoB 


LDL 


65.7±17.2 


78.1 ±22.2 


apoB 


HDL 


1.1±1.1 


2.3±2.2 


apoC2 


VLDL 


1.0±0.3 


2.8±1.2 


apoC2 


LDL 


0.4±0.2 


0.8±0.4 


apoC2 


HDL 


6.0±1.4 


5.8±2.0 


apoC3 a 


VLDL 


3.0±0.9 


7.6±3.6* 


apoC3 a 


LDL 


2.8±1.9 


6.7±3.9*** 


apoC3 a 


HDL 


19.0±3.8 


19.5±7.1 


apoE a 


VLDL 


0.6±0.2 


1.5±0.7* 


apoE a 


LDL 


2.9±1.3 


3.1 ±1.7 


apoE a 


HDL 


4.4±2.3 


3.6±1.1 


SAA4 


VLDL 


0.1 ±0.1 


0.6±0.3 


SAA4 


LDL 


0.5±0.2 


0.8±0.3 


SAA4 a 


HDL 


14.3±5.2 


10.3±3.4 # 



a calculated as sum of isoforms; *p<0.05; ***p<0.001 vs. control, significant after adjustment for multiple testing. Abbreviations as in Table 2. 
doi:1 0.1 371 /journal.pone.01 04833.t003 



tein cholesterol levels, i.e., higher apoB is associated with higher 
total and LDL cholesterol, lower apoAl associated with lower 
HDL cholesterol and higher apoC2 and apoC3 associated with 
higher VLDL. These data would suggest that it was only particle 
numbers that differed, not so much the apo composition of specific 
lipoprotein fractions between MetSyn patients and controls. 
Therefore, we tested the effect of MetSyn on apo/ apoB ratios in 
VLDL and LDL and on apo/ apoA ratios in HDL to address the 
apo composition (Table 4). 

There were 9 significant differences in the apo composition of 
LDL and HDL (the apo composition of VLDL did not differ 
between patients and controls). Specifically his study found that: 
apoAl was depleted in LDL fraction from MetSyn subjects 
possibly reflecting a lower level of the very large, buoyant HDL 
subspecies associated with MetSyn [47]; LDL/IDL fractions from 
MetSyn subjects were enriched with apoC2 and apoC3, possibly 
due to the accumulation of VLDL remnant particles in MetSyn 
[48]; and HDL fractions from MetSyn subjects were enriched with 
apoA2, which may be associated with the increased number of 
LpAI/LpAII particles and altered HDL metabolism [49,50]. 

The remaining five differences in LDL and HDL particle 
composition (out of 9 detected) were seen in isoforms of apoC3, 
apoE and SAA4 (Table 4). The significant reductions in the 
ratios of high-to-low MW species of apoC3, apoE, and SAA4 were 
observed on all three lipoprotein classes (Table 5). These 
differences in apo glycosylation were the novel findings of this 
study. ApoC3, apoE, and SAA4 are of smaller MW (relative to 
apoB, for example) and therefore their glycosylated isoforms were 
readily resolved. We cannot, however, exclude the possibility that 
the extent of glycosylation of larger MW apos might have been 
affected as well but were unresolved on the ID gel. For example, 



variations in the extent of glycosylation (sialylation) of apoB could 
not be detected by our method. Although sialylation of apoB is 
known to contributes 8% to the total amount of sialic acid in 
VLDL (apoC3 contributes 68% of sialic acid of VLDL), in LDL, 
apoB carries 60% of the particle sialic acid pool [27]. For the same 
reason (higher MWs) we were not able to resolve individual sialo- 
isoforms of apoE and SAA4 in ID electrophoresis. 

About 50% of apoC3 is modified by O-linked glycosylation with 
a single sialic acid attached to the glycan chain (mono-sialylated 
isoform), 40% modified with O-linked glycan containing two sialic 
acid residues (di-sialylated isoform), while the remaining fraction is 
non-glycosylated [51-53]; about 80% of apoE has been reported 
to be non-glycosylated with the remainder modified by O- 
glycosylation containing sialic acid [23,54]; and about 50% of 
constitutive SAA4 present in human non-acute phase HDL is 
modified by N-linked glycosylation giving rise to two isoforms of 
14 and 19 kDa [29,55,56]. In our study we observed similar 
extents of glycosylation: (1) apoC3 was distributed 8%, 52%, and 
40% between non-glycosylated, mono- and di-sialylated isoforms 
in VLDL from healthy subjects; whereas in MetSyn subjects 9% of 
VLDL apoC3 was non-glycosylated, 58% mono-sialylated, and 
33% di-sialylated; (2) 76% and 68% of apoE was non-glycosylated 
in LDL and HDL in the healthy controls, whereas MetSyn 
subjects had a slightly increased percentage of non-glycosylated 
apoE -82% in LDL and 80% in HDL; (3) 57% of SAA4 was 
glycosylated in HDL from controls compared to only 33% from 
MetSyn subjects. 

Of note, the study by Hiukka et al. found high levels of apoC3 
sialylation in patients with diabetes compared with healthy 
controls [57]. About 85% of diabetic participants in this study 
were on oral antihyperglycemic treatment. The finding of 
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Table 4. Apo composition of VLDL, LDL (|tg/mg apoB), and HDL (ng/mg apoAl; mean ± SD). 





Apolipoprotein 


Control (n = 14) 


MetSyn (n = 56) 


VLDL 


composition (ig/mg apoB 




apoAl 


75.6±75.2 


72.8±50.0 


apoB 140 kDa 


4.8 ±3.7 


10.0±10.4 


apoCI 


44.4±28.5 


55.0±44.1 


apoC2 


378 ±224 


424±306 


apoC3 di-sialo 


505 ±326 


389±316 


apoC3 mono-sialo 


690 ±645 


680±560 


apoC3 non-glyco 


109±136 


114+147 


(apoC3 sum of isoforms) 


1304±1082 


1184±1005 


apoE high MW 


78.8±35.1 


63 .6 ±49.9 


apoE low MW 


163 ±69.6 


162±107 


(apoE sum of isoforms) 


242 ±103 


226±154 


SAA4 low MW 


45.8±30.3 


88.3 ±90.4 


LDL 


composition (ig/mg apoB 




apoAl 


124±49.5 


80.4±52.2* 


apoB 140 kDa 


101 ±93.1 


119±97.0 


apoCI 


6.4±3.6 


5.7±2.3 


apoC2 


6.1 ±3.4 


10.2 ±4.8** 


apoC3 di-sialo 


17.8±7.1 


27.4±17.9 


apoC3 mono-sialo 


23.9±14.5 


61 .9±37.0** 


(apoC3 sum of isoforms) 


41.8±20.2 


89.3±53.4** 


apoE high MW 


10.6±4.6 


6.9±7.1 


apoE low MW 


32.5±9.3 


35.4±25.3 


(apoE sum of isoforms) 


43.1 ±12.0 


42.2±31.8 


SAA4 low MW 


8.1 ±3.4 


10.0±3.6 


HDL 


composition ^g/mg apoAl 




apoA2 


311 ±49.8 


354±46.9** 


apoB 


10.6 ±10.4 


27.68 ±28.6 


apoB 140 kDa 


3.3±3.7 


5.6±5.4 


apoCI 


9.8 ±5.3 


10.0 ±4.3 


apoC2 


55.4±12.6 


64.4 ±20.1 


apoC3 di-sialo 


69.0 ±14.3 


64.3 ±27.9 


apoC3 mono-sialo 


106 ±22.8 


150±48.0** 


(apoC3 sum of isoforms) 


175±27.8 


214±71.0 


apoE high MW 


12.8±7.1 


8.9±4.0* 


apoE low MW 


27.5 ±15.4 


30.8±7.8 


(apoE sum of isoforms) 


40.3 ±2 1.9 


39.7±10.4 


SAA4 high MW 


76.3 ±43.2 


37.2±16.2** 


SAA4 low MW 


56.2±19.3 


75.4±18.8** 


(SAA4 sum of isoforms) 


132±49.6 


113+28.4 



*p<0.05; **p<0.01 vs. control, significant after adjustment for multiple testing. MW = molecular weight; other abbreviations as in Table 2. 
doi:1 0.1 371 /journal.pone.01 04833.t004 



increased apoC3 sialylation in this population was not surprising 
as it is consistent with a previous study in subjects with diabetes on 
metformin therapy by Harvey et al. [38]. Harvey et al. found that 
obese diabetics on metformin (who were eligible for bariatric 
surgery) displayed near normal ratio of apoC3 glycoisoforms. In 
contract apoC3 glycosylation in non-diabetic obese individuals 
(without metformin therapy) was reduced compared to healthy 
controls. Therefore Harvey et al. suggested that apoC3 sialylation 



is responsive to metformin therapy. In our own experience 
(unpublished data) apoC3 sialylation is also responsive to the 
combination therapy with prescription omega-3 fatty acids and 
niacin. Therefore it is possible that sialylation of apoC3 in Hiukka 
et al. study of diabetic patients was affected by their medications. 
Further studies are needed to address apoC3 glycosylation state in 
diabetic patients in the absence of metformin therapy. 
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Table 5. ApoC3, apoE and SAA4 isoform ratios for in VLDL, LDL, and HDL density fractions (mean ± SD). 



Isoform Ratio Fraction Control (n = 14) MetSyn (n = 56) 

apoC3: di-sialo/mono-sialo VLDL 0.80±0.19 0.58±0.13** 

LDL 0.84±0.29 0.47±0.16*** 

HDL 0.69±0.22 0.43±0.13** 

apoE: high MW/low MW VLDL 0.48±0.09 0.39±0.12** 

LDL 0.33±0.13 0.19±0.09** 

HDL 0.48±0.12 0.29±0.10*** 

SAA4: high MW/low MW HDL 1.46±0.95 0.51 ±0.21*** 

Abbreviations as in Tables 2 and 4. *p<0.05; **p<0.01; ***p<0.001 vs. control, significant after adjustment for multiple testing. 
doi:1 0.1 371 /joumal.pone.01 04833.t005 



Interestingly, recent genome-wide association studies (GWAS) 
found that the GALNT2 gene, which belongs to a family of genes 
encoding enzymes catalyzing the first step of O-glycosylation, was 
associated with elevated serum TG and reduced HDL-C levels 
[58,59]. Among known targets of GALNT2-catalyzed glycosyla- 
tion are proteins that regulate lipoprotein metabolism: angiopoie- 
tin-like 3 (Angptl3), apoC3, and apoE [25,60]. Although GALNT2 
activity is redundant (its family contains 20 enzymes with 
overlapping activity), it is plausible that such an enzyme could 
play a role in the regulation of apo glycosylation in MetSyn. On 
the other hand, it is possible that apo carbohydrate content is (also) 
modifiable while in circulation. To this end, sialydases capable of 
trimming terminal sialic acid residues, NEU1 and NEU3, were 
identified on erythrocyte membranes [61]. The significance of apo 
glycosylation in disease remains to be established. Some data 
suggest that de-sialylation of human LDL by plasma trans-sialidase 
activity makes these modified LDL particles more atherogenic 
since de-sialylated LDL led to a greater cholesteryl ester 
accumulation in human aortic intimal smooth muscle cells [62]. 
Mechanistically, higher sialic acid levels in LDL might block the 
interaction of the particle with arterial wall proteoglycans, linking 
LDL hypo-glycosylation with atherogenesis [34,63] . 

Two strengths of the study were the careful selection of both the 
(optimally) healthy controls and the MetSyn subjects [64,65] and 
the use of an inexpensive (but highly reproducible) method, ID 
electrophoresis. This method allowed for simultaneous quantita- 
tion of apos in a high throughput fashion. However, low sensitivity 
on the method (2 ng protein) compared to the high sensitivity of 
quantitative LS/MS methods [66] precluded us from the analysis 
of less abundant proteins and their isoforms associated with 
lipoproteins. Moreover, ID gradient electrophoresis has a limited 
capacity to resolve protein isoforms compared to 2D electropho- 
resis and mass-spectrometry methods. Lastly, another technical 
limitation of our study was the use of high ionic strength solutions 
in the density ultracentrifugation method. It has been reported 
that high ionic strength used for isolation of lipoproteins with 
potassium bromide (KBr, used in our study) and sodium iodide 
could alter the retention of associated exchangeable proteins [42] 
therefore some important differences in LDL and HDL associated 
apolipoproteins could have been neglected. 

In conclusion, we have observed a diminished glycosylation of 
three lipoprotein-associated apos - apoC3, apoE and SAA4- in 
patients with MetSyn. The clinical implications of this alteration in 
apo biochemistry remain to be elucidated. 



Supporting Information 

Figure SI ID gel electrophoresis. 4.5 Jig of VLDL, LDL, 
and HDL were resolved on 4-20% Tris-Tricine peptide gel. 
Representative preparations (from one individual). 
(TIF) 

Figure S2 Comparison of ID and 2D gel electrophoresis 
patterns. VLDL (A) and HDL (B) samples were resolved by 2D 
gel electrophoresis and compared to (i) the results of ID gel 
electrophoresis of the same samples (right sub-panels) and to (ii) 
previously identified proteins found in published images of 2D 
electrophoretic separation of VLDL and HDL. Arrows and labels 
in 2D gels indicate apo bands, which are consistent with published 
data [1,2]. Arrows in ID subpanels indicate apo bands, which 
were directly inferred from their migration in 2D gels and 
confirmed by mass-spectrometry (Table SI). 1. Sun HY, Chen SF, 
Lai MD, Chang TT, Chen TL, et al. (2010) Comparative 
proteomic profiling of plasma very-low-density and low-density 
lipoproteins. Clin Chim Acta 411:336-344. 2. Stahlman M, 
Davidsson P, Kanmert I, Rosengren B, Boren J, et al. (2008) 
Proteomics and lipids of lipoproteins isolated at low salt 
concentrations in D20/sucrose or in KBr. J Lipid Res 49:481- 
490. 
(TIF) 

Figure S3 Identification of ApoG3 glycoisoforms. A. 

Differentially glycosylated ApoC3 isoforms; GalNAc, N-Acetylga- 
lactosamine; Gal, galactose; NeuAc, N-Acetylneuraminic Acid or 
Sialic Acid; B. HDL analyzed by MALDI-TOF; arrows and labels 
point to apoC3 and apoC2 peaks, which relative intensities and 
masses are consistent with published data [1]; C. VLDL, and D. 
HDL preparation were treated with neuraminidase to remove 
terminal sialic acid residues and analyzed by ID electrophoresis 
followed by Coomassie staining. 1. Harvey SB, Zhang Y, Wilson- 
Grady J, Monkkonen T, Nelsestuen GL, et al. (2009) O-glycoside 
biomarker of apolipoprotein C3: responsiveness to obesity, 
bariatric surgery, and therapy with metformin, to chronic or 
severe liver disease and to mortality in severe sepsis and graft vs. 
host disease. J Proteome Res 8:603-612. 
(TIF) 

Figure S4 Identification of 140 kDa apoB isoform by 
LC-MS/MS and western blotting. A. Tryptic digest peptides 
(vertical lines) detected in LDL apoB band and HDL 140 kDa 
band were mapped on the human apoB protein sequence (aa 1— 
4563); B. western blotting of LDL and HDL fractions with 
antibody specific to amino-terminal epitope from human apoB. 
(TIF) 
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Table SI Major apolipoproteins identified by ID gradient gel 
electrophoresis in three lipoprotein fractions and confirmation 
methodology. 
(DOCX) 

Table S2 Technical variation of HDL band intensity measure- 
ments. 
(DOCX) 

Acknowledgments 

We acknowledge the use of proteomics facilities at Sanford-Burnham 
Institute for Medical Research (La Jolla, CA) and the Core Campus Mass 



Spectrometry Facilities (CCMSF) at South Dakota State University 
(Brookings, SD). Authors thank Steven Ortmeier and Vijaya Nareddy for 
their excellent technical assistance with quantification of apolipoproteins. 

Author Contributions 

Conceived and designed the experiments: WSH CCS. Performed the 
experiments: KF OVS LJ. Analyzed the data: OVS. Contributed to the 
writing of the manuscript: OVS LJ WSH GCS. 



References 

1. Ford ES, Giles WH, Mokdad AH (2004) Increasing prevalence of the metabolic 
syndrome among u.s. Adults. Diabetes Care 27: 2444—2449. 

2. Lim S, Shin H, Song JH, Kwak SH, Kang SM, et al. (2011) Increasing 
prevalence of metabolic syndrome in Korea: the Korean National Health and 
Nutrition Examination Survey for 1998-2007. Diabetes Care 34: 1323-1328. 

3. Mozumdar A, Liguori G (2011) Persistent increase of prevalence of metabolic 
syndrome among U.S. adults: NHANES III to NHANES 1999-2006. Diabetes 
Care 34: 216-219. 

4. Ncstel P, Lyu R, Low LP, Sheu WH, Nitiyanant W, et al. (2007) Metabolic 
syndrome: recent prevalence in East and Southeast Asian populations. Asia 
Pac J Clin Nutr 16: 362-367. 

5. Bcltran-Sanchcz H, Harhay MO, Harhay MM, MeElligott S (2013) Prevalence 
and trends of metabolic syndrome in the adult U.S. population, 1999-2010. 
J Am Coll Cardiol 62: 697-703. 

6. Mottillo S, Filion KB, Genest J, Joseph L, Pilotc L, ct al. (2010) The metabolic 
syndrome and cardiovascular risk a systematic review and meta-analysis. J Am 
Coll Cardiol 56: 1113-1132. 

7. Galassi A, Reynolds K, He J (2006) Metabolic syndrome and risk of 
cardiovascular disease: a meta-analysis. Am J Med 1 19: 812—819. 

8. Albcrti KG, Eckel RH, Grundy SM, Zimmet PZ, Clccman JI, ct al. (2009) 
Harmonizing the metabolic syndrome: a joint interim statement of the 
International Diabetes Federation Task Force on Epidemiology and Prevention; 
National Heart, Lung, and Blood Institute; American Heart Association; World 
Heart Federation; International Atherosclerosis Society; and International 
Association for the Study of Obesity. Circulation 120: 1640-1645. 

9. Mahlcy RW, Inncrarity TL, Rail SC Jr, Wcisgraber KH (1984) Plasma 
lipoproteins: apolipoprotein structure and function. J Lipid Res 25: 1277-1294. 

10. Mahley RW, Innerarity TL, Weisgraber KH, Rail SC Jr, Hui DY, et al. (1986) 
Cellular and molecular biology of lipoprotein metabolism: characterization of 
lipoprotein reeeptor-ligand interactions. Cold Spring Harb Symp Quant Biol 
51 Pt 2: 821-828. 

11. McQueen MJ, Hawken S, Wang X, Ounpuu S, Snidcrman A, et al. (2008) 
Lipids, lipoproteins, and apolipoproteins as risk markers of myocardial infarction 
in 52 countries (the INTERHEART study): a case-control study. Lancet 372: 
224-233. 

12. Walldius G, Jungner I, Holme I, Aastveit AH, Kolar W, et al. (2001) High 
apolipoprotein B, low apolipoprotein A-I, and improvement in the prediction of 
fatal myocardial infarction (AMORIS study): a prospective study. Lancet 358: 
2026-2033. 

13. Lee SJ, Campos H, Moyc LA, Sacks FM (2003) LDL containing apolipoprotein 
GUI is an independent risk factor for coronary events in diabetic patients. 
Arterioscler Thromb Vase Biol 23: 853-858. 

14. Williams K, Snidcrman AD, Sattar N, D'Agostino RJr, Wagenknecht LE, et al. 
(2003) Comparison of the associations of apolipoprotein B and low-density 
lipoprotein cholesterol with other cardiovascular risk factors in the Insulin 
Resistance Atherosclerosis Study (IRAS). Circulation 108: 2312-2316. 

15. CorsettiJP, Zareba W, Moss AJ, Sparks CE (2004) Apolipoprotein B determines 
risk for recurrent coronary events in postinfarction patients with metabolic 
syndrome. Atherosclerosis 177: 367-373. 

16. Onat A, Hergene G, Sansoy V, Fobker M, Ccyhan K, et al. (2003) 
Apolipoprotein C-III, a strong discriminant of coronary risk in men and a 
determinant of the metabolic syndrome in both genders. Atherosclerosis 168: 
81-89. 

17. Onat A, Can G, Ornek E, Ayhan E, Ergincl-Unaltuna N, et al. (2013) High 
serum apolipoprotein E determines hypertriglyecridemic dyslipidcmias, coro- 
nary disease and apoA-I dysfunetionality. Lipids 48: 51-61. 

18. Vaisar T, Pennathur S, Green PS, Gharib SA, Hoofnagle AN, et al. (2007) 
Shotgun proteomics implicates protease inhibition and complement activation in 
the antiinflammatory properties of HDL. J Clin Invest 117: 746-756. 

19. Davidsson P, Hulthe J, Fagerberg B, Olsson BM, Hallberg C, et al. (2005) A 
protcomic study of the apolipoproteins in LDL subclasses in patients with the 
metabolic syndrome and type 2 diabetes. J Lipid Res 46: 1999-2006. 

20. Rabbani N, Chittari MV, Bodmer CW, Zehnder D, Ceriello A, et al. (2010) 
Increased glyeation and oxidative damage to apolipoprotein B100 of LDL 



cholesterol in patients with type 2 diabetes and effect of metformin. Diabetes 59: 
1038-1045. 

21. Halim A, Ruetsehi U, Larson G, Nilsson J (2013) LC-MS/MS characterization 
of O-glycosylation sites and glycan structures of human cerebrospinal fluid 
glycoproteins. J Proteome Res 12: 573-584. 

22. Lee Y, Koekx M, Raftery MJ, Jessup W, Griffith R, et al. (2010) Glycosylation 
and sialylation of macrophage-de rived human apolipoprotein E analyzed by 
SDS-PAGE and mass spectrometry: evidence for a novel site of glycosylation on 
Scr290. Mol Cell Proteomics 9: 1968-1981. 

23. Werncttc-Hammond ME, Lauer SJ, Corsini A, Walker D, Taylor JM, et al. 
(1989) Glycosylation of human apolipoprotein E. The carbohydrate attachment 
site is threonine 194. J Biol Chem 264: 9094-9101. 

24. Nilsson J, Ruetsehi U, Halim A, Hesse C, Carlsohn E, et al. (2009) Enrichment 
of glycopeptides for glycan structure and attachment site identification. Nat 
Methods 6: 809-811. 

25. Schjoldager KT, Vakhrushev SY, Kong Y, Steentoft C, Nudclman AS, ct al. 
(2012) Probing isoform- specific functions of polypeptide GalNAc-transferases 
using zinc finger nuclease glyeoengineered SimplcCclls. Proc Natl Acad 
Sci USA 109: 9893-9898. 

26. Steentoft C, Vakhrushev SY, Vester-Christensen MB, Schjoldager KT, Kong Y, 
et al. (2011) Mining the O-glycoproteome using zine-flnger nuclease -glyeoengi- 
neered SimplcCeU lines. Nat Methods 8: 977-982. 

27. Millar J S (2001) The sialylation of plasma lipoproteins. Atherosclerosis 154: 1 
13. 

28. Koekx M, Dinnes DL, Huang KY, Sharpe LJ, Jessup W, et al. (2012) 
Cholesterol accumulation inhibits ER to Golgi transport and protein secretion: 
studies of apolipoprotein E and VSVGt. BiochemJ 447: 51—60. 

29. de Beer MC, Yuan T, Kindy MS, Asztalos BF, Roheim PS, ct al. (1995) 
Characterization of constitutive human serum amyloid A protein (SAA4) as an 
apolipoprotein. J Lipid Res 36: 526-534. 

30. Whitehead AS, de Beer MC, Steel DM, Rits M, Lelias JM, et al. (1992) 
Identification of novel members of the serum amyloid A protein supcrfamily as 
constitutive apolipoproteins of high density lipoprotein. J Biol Chem 267: 3862- 
3867. 

31. Tertov VV, Sobenin IA, Tonevitsky AG, Orekhov AN, Smirnov VN (1990) 
Isolation of atherogenic modified (desialylated) low density lipoprotein from 
blood of atherosclerotic patients: separation from native lipoprotein by affinity 
chromatography. Biochem Biophys Res Commun 167: 1 122-1127. 

32. Orekhov AN, Tertov W, Mukhin DN, Mikhailenko IA (1989) Modification of 
low density lipoprotein by desialylation causes lipid accumulation in cultured 
cells: discovery of desialylated lipoprotein with altered cellular metabolism in the 
blood of atherosclerotic patients. Biochem Biophys Res Commun 162: 206-21 1. 

33. Tertov VV, Orekhov AN, Sobenin IA, Morrisett JD, Gotto AM Jr, et al. (1993) 
Carbohydrate composition of protein and lipid components in sialic acid-rich 
and -poor low density lipoproteins from subjects with and without coronary 
artery disease. J Lipid Res 34: 365—375. 

34. Millar JS, Anber V, Shepherd J, Packard CJ (1999) Sialic acid-containing 
components of lipoproteins influence lipoprotein-proteoglycan interactions. 
Atherosclerosis 145: 253-260. 

35. Atkinson KR, Blumenstein M, Black MA, Wu SH, Kasabov N, et al. (2009) An 
altered pattern of circulating apolipoprotein E3 isoforms is implicated in 
preeclampsia. J Lipid Res 50: 71-80. 

36. Atger V, Beyne P, Frommherz K, Roullet JB, Drueke T (1989) Presence of Apo 
B48, and relative Apo CII deficiency and Apo CIII enrichment in uremic very- 
low density lipoproteins. Ann Biol Clin (Paris) 47: 497—501. 

37. Harake B, Caines PS, Thibert RJ, Cheung RM (1991) A simple micromethod 
for rapid assessment of the distribution of apolipoprotein C isoforms in vcry-low- 
density lipoprotein. Clin Biochem 24: 255-260. 

38. Harvey SB, Zhang Y, Wilson-Grady J, Monkkonen T, Nclsestucn GL, et al. 
(2009) O-glyeoside biomarker of apolipoprotein C3: responsiveness to obesity, 
bariatric surgery, and therapy with metformin, to chronic or severe liver disease 
and to mortality in severe sepsis and graft vs host disease. J Proteome Res 8: 
603-612. 

39. Schumaker VN, Puppionc DL (1986) Sequential flotation ultraccntrifugation. 
Methods Enzymol 128: 155-170. 



PLOS ONE | www.plosone.org 



8 



August 2014 | Volume 9 | Issue 8 | e104833 



Apolipoproteins in Metabolic Syndrome 



40. Shearer GC, Newman JW, Hammock BD, Kayscn GA (2005) Graded effects of 
proteinuria on HDL structure in nephrotic rats. J Am Soc Nephrol 16: 1309- 
1319. 

41. Sun HY, Chen SF, Lai MD, Chang TT, Chen TL, et al. (2010) Comparative 
proteomic profiling of plasma very-low-density and low-density lipoproteins. 
Clin Chim Acta 411: 336-344. 

42. Stahlman M, Davidsson P, Kanmert I, Rosengrcn B, Boren J, et al. (2008) 
Proteomics and lipids of lipoproteins isolated at low salt concentrations in D20/ 
sucrose or in KBr. J Lipid Res 49: 481-490. 

43. Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of proteins 
from polyacryl amide gels to nitrocellulose sheets: procedure and some 
applications. Proc Natl Acad Sci U S A 76: 4350-4354. 

44. Hochherg Y, Benjamini Y (1990) More powerful procedures for multiple 
significance testing. Stat Med 9: 811-818. 

45. Pitsavos G, Panagiotakos DB, SkoumasJ, Papadimitriou L, Stefanadis G (2008) 
Risk stratification of apolipoprotein B, apolipoprotein Al, and apolipoprotein B/ 
Al ratio on the prevalence of the metabolic syndrome: the ATTICA study. 
Angiology 59: 335-341. 

46. Sierra-Johnson J, Somers VK, Kuniyoshi FH, Garza CA, Isley WL, et al. (2006) 
Comparison of apolipoprotein-B/apolipoprotein-AI in subjects with versus 
without the metabolic syndrome. AmJ Cardiol 98: 1369-1373. 

47. Brunzell JD, Ayyobi AF (2003) Dyslipidemia in the metabolic syndrome and 
type 2 diabetes mellitus. AmJ Med 1 15 Suppl 8A: 24S-28S. 

48. Adiels M, Olofsson SO, Taskinen MR, Boren J (2008) Overproduction of very 
low-density lipoproteins is the hallmark of the dyslipidemia in the metabolic 
syndrome. Arterioscler Thromb Vase Biol 28: 1225—1236. 

49. Chan DC, Ng TW, Watts GF (2012) Apolipoprotein A-II: evaluating its 
significance in dyslipidaemia, insulin resistance, and atherosclerosis. Ann Med 
44: 313-324. 

50. Tailleux A, Duriez P, Fruchart JC, Clavey V (2002) Apolipoprotein A-II, HDL 
metabolism and atherosclerosis. Atherosclerosis 164: 1-13. 

51. Huff MW, Strong WL (1987) Separation and isolation of human apolipoproteins 
C-II, C-III0, C-III1, and C-III2 by chromatofocusing on the Fast Protein Liquid 
Chromatography system. J Lipid Res 28: 1118—1123. 

52. Maeda H, Hashimoto RK, Ogura T, Hiraga S, Uzawa H (1987) Molecular 
cloning of a human apoCTII variant: Thr 74 — Ala 74 mutation prevents O- 
glycosylation. J Lipid Res 28: 1405-1409. 

53. Roghani A, Zannis VI (1988) Mutagenesis of the glycosylation site of human 
ApoCIII. O-linked glycosylation is not required for ApoCIII secretion and lipid 
binding. J Biol Chem 263: 17925-17932. 

54. Zanni EE, Kouvatsi A, Hadzopoulou-Cladaras M, Kriegcr M, Zannis VI (1989) 
Expression of ApoE gene in Chinese hamster cells with a reversible defect in O- 



glycosylation. Glycosylation is not required for apoE secretion. J Biol Chem 264: 
9137-9140. 

55. Yamada T, Wada A, Yamaguchi T, Itoh Y, Kawai T (1997) Automated 
measurement of a constitutive isotype of serum amyloid A/SAA4 and 
comparison with other apolipoproteins. J Clin Lab Anal 11: 363-368. 

56. Yamada T, Miyake N, Itoh K, IgariJ (2001) Further characterization of serum 
amyloid A4 as a minor acute phase reactant and a possible nutritional marker. 
Clin Chem Lab Med 39: 7-10. 

57. Hiukka A, Stahlman M, Pettersson C, Levin M, Adiels M, et al. (2009) ApoCIII- 
enriched LDL in type 2 diabetes displays altered lipid composition, increased 
susceptibility for sphingomyelinase, and increased binding to biglycan. Diabetes 
58: 2018-2026. 

58. Wilier CJ, Sanna S, Jackson AU, Scutcri A, Bonnycastle LL, et al. (2008) Newly 
identified loci that influence lipid concentrations and risk of coronary artery 
disease. Nat Genet 40: 161-169. 

59. Kathiresan S, Melander O, Guiducci C, Surti A, Burtt NP, et al. (2008) Six new 
loci associated with blood low-density lipoprotein cholesterol, high-density 
lipoprotein cholesterol or triglycerides in humans. Nat Genet 40: 189—197. 

60. Schjoldager KT, Vcstcr-Christcnscn MB, Bennett EP, Levery SB, Schwientek 
T, et al. (2010) O-Glycosylation Modulates Proprotein Convertase Activation of 
Angiopoietin-like Protein 3: Possible Role of Polypeptide Galnac-Transferase- 
2 In Regulation of Concentrations of Plasma Lipids. J Biol Chem 285: 36293— 
36303. 

61. D'Avila F, Tringali G, Papini N, Anastasia L, Croci G, et al. (2013) Identification 
of lysosomal sialidase NEU1 and plasma membrane sialidase NEU3 in human 
erythrocytes. J Cell Biochem 114: 204-211. 

62. Tcrtov VV, Kaplun VV, Sobenin IA, Boytsova EY, Bovin NV, et al. (2001) 
Human plasma trans-sialidase causes atherogenic modification of low density 
lipoprotein. Atherosclerosis 159: 103-115. 

63. Anber V, Millar JS, McConnell M, Shepherd J, Packard CJ (1997) Interaction of 
very-low-density, intermediate-density, and low-density lipoproteins with human 
arterial wall proteoglycans. Arterioscler Thromb Vase Biol 17: 2507-2514. 

64. Shearer GC, PottalaJV, Hansen SN, Brandenburg V, Harris WS (2012) Effects 
of prescription niacin and omega- 3 fatty acids on lipids and vascular function in 
metabolic syndrome: a randomized controlled trial. J Lipid Res. 

65. Borja MS, Zhao L, Hammerson B, Tang C, Yang R, et al. (2013) HDL-apoA-I 
exchange: rapid detection and association with atherosclerosis. PLoS One 8: 
c71541. 

66. Bantscheff M, Lemeer S, Savitski MM, Kuster B (2012) Quantitative mass 
spectrometry in proteomics: critical review update from 2007 to the present. 
Anal Bioanal Chem 404: 939-965. 



PLOS ONE | www.plosone.org 



9 



August 2014 | Volume 9 | Issue 8 | e104833 



